Introduction: To facilitate the clinical translation of 18 F-fluoroacetate ( 18 F-FACE), the pharmacokinetics, biodistribution, radiolabeled metabolites, radiation dosimetry, and pharmacological safety of diagnostic doses of 18 F-FACE were determined in non-human primates.
Introduction P ositron emission tomography (PET) with 18 F-fluorodeoxyglucose ( 18 F-FDG) has become a widely used molecular imaging method for diagnosis and staging of several tumor types and for monitoring the efficacy of different anti-cancer therapeutic interventions [1] [2] [3] [4] . Examples of 18 F-FDG-avid tumor types include cancers of the head and neck, lung, breast, and malignant lymphoma. For these, 18 F-FDG PET has been accepted as a standard method of imaging and approved for procedure reimbursement. Increased uptake of 18 F-FDG in many types of tumors is due to the socalled Warburg effect [5] , resulting from the oncogenic signaling-induced shift of tumor metabolism toward anaerobic glycolysis even under normoxic conditions [6, 7] .
However, several tumor types do not accumulate 18 F-FDG at higher levels than the surrounding normal tissues, which makes the application of 18 F-FDG PET imaging for their diagnosis, staging, and monitoring of therapeutic interventions futile. Examples of such " 18 F-FDG-nonavid" tumor types include prostate carcinoma [8] , renal cell carcinoma [9, 10] , hepatocellular carcinoma [11] , and gastric cancers [12] . Furthermore, diagnostic PET imaging of some 18 F-FDG-avid tumors can be challenging because of their locations in tissues (organs) having high intrinsic glycolytic activity, such as brain gliomas [13] . 18 F-FDG-nonavid tumors represent a large fraction of malignancies for which the development and clinical translation of alternative PET imaging agents is urgently needed [14] .
One such alternative agent is 11 C-labeled acetate ( 11 C-ACE). In the past two decades, 11 C-ACE has been used mainly to study myocardial metabolism [15] [16] [17] [18] . In this application, the correlation of tracer washout from the myocardium to the rate of myocardial oxygen consumption has been established. It was shown that 11 C-CO 2 is the main radiolabeled metabolite of 11 C-ACE leaving the myocardium, indicating clearly that the tricarboxylic acid cycle (TCA) in myocardium is the main metabolic pathway of 11 C-ACE. More recently, 11 C-ACE has been evaluated in prostate cancer for differential diagnosis, staging, and follow-up of its recurrence after surgery or treatment [19] [20] [21] [22] [23] [24] . Upon uptake into the cells by the monocarboxylate transporter, the 11 C-ACE is utilized in multiple metabolic pathways including TCA, for generation of energy and for de novo fatty acid synthesis catalyzed by fatty acid synthase (FAS). FAS has a very low expression and activity in normal cells, but it is upregulated in many cancer types, including prostate, breast, and ovary. Such differential FAS over-expression and upregulation of lipogeneic activity in malignant cells as compared to normal cells is believed to be the mechanism for entrapment of 11 C-ACE-derived radioactivity in cancer cells, thereby enabling the detection of tumors with PET. However, the clinical utilization of 11 C-ACE is not widespread because of the relatively short physical half-life of 11 C (t 1/2 =20.5 min), which precludes commercial distribution and dictates the need for an on-site cyclotron and radiochemistry facility. Therefore, we and others have been developing and validating an 18 F-labeled analog of acetate, 18 F-fluoroacetate ( 18 F-FACE), as a clinically useful PET imaging agent. Compared to 11 C, the much longer half-life of 18 F (t 1/2 =110 min) should offer not only a more manageable manufacturing and delivery process for 18 F-FACE but also the advantage of delayed imaging, with the potential for greater tumor-to-background ratios.
To date, there has been only one clinical case report in the literature regarding the potential efficacy of 18 F-FACE for the detection of primary prostate carcinoma and pelvic lymph node metastases [25] . Recently, Ponde et al. reported a study of PET imaging with 18 F-FACE in CWR22 tumorbearing nu/nu mice and whole-body PET of a baboon [26] . The biodistribution, metabolism, and radiation dosimetry data obtained in rodents are not directly translatable into humans because the murine catabolism of 18 F-FACE to 18 F-fluoride greatly exceeds that in human beings. Therefore, in the same study, 18 F-FACE PET imaging of a single baboon was performed for an initial assessment of the biodistribution of 18 F-FACE at 1 and 2 h after intravenous injection of this radiotracer in a primate. In the baboon, almost no defluorination of 18 F-FACE was apparent, as evidenced by the lack of discernible radioactivity uptake in the skeletal structures. This limited study did not include dynamic PET imaging to obtain time-activity profiles of 18 F-FACE in different organs and tissues of the baboon or an analysis of radiolabeled metabolites in plasma and urine. It did not estimate the radiation dosimetry for human patients, which is necessary for translation of 18 F-FACE into the clinic. In another recent study, Lindhe et al. [27] have performed a head-to-head comparison of the biodistribution, metabolism, and excretion of 11 C-ACE and 18 F-FACE in three cynomolgus monkeys and one domestic pig. The 11 C-ACE pharmacokinetics and organ distribution in both species were similar to those previously established in man. In contrast to 11 C-ACE, 18 F-FACE exhibited prolonged blood retention, no detectable trapping in the myocardium or salivary glands, rapid clearance from the liver, and extensive excretion to the bile and urine. Massive defluorination was seen in the pig, resulting in intense skeletal activity.
To facilitate translation of 18 F-FACE into the clinic and in preparation to a phase I clinical study, we have conducted studies aimed at assessing the pharmacokinetics, biodistribution, metabolism, radiation dosimetry, and acute toxicity of diagnostic dosages of 18 F-FACE in rhesus macaques. We demonstrate that diagnostic dosages of 18 F-FACE for PET imaging studies are similar to other 18 F-labeled agents.
Materials and Methods
Radiosynthesis of 18 
F-Fluoroacetate
A simple, fully automated method was developed for the synthesis of no carrier added sodium 18 F-FACE (Fig. 1 ). This method of 18 F-FACE radiosynthesis differs in some of its steps from the previously reported radiosynthesis methods [26, [28] [29] [30] .
Prior to each synthesis, all reagent reservoirs and transfer lines in the automated box were rinsed either with acetonitrile or sterile water for injection. A new set of disposable glass reactors, crimp top septa, and sterile needles were used for each synthesis. 18 F-fluoride was produced by irradiating 18 O-water (97%+ enrichment) with 18 MeV protons from a TR19/9 cyclotron (Advanced Cyclotron Systems, Richmond, BC, Canada). The irradiated 18 O-water was transferred through a Chromafix 30-PS-HCO 3 (Macherey-Nagel, Germany) ion exchange cartridge. 18 F was trapped with the Chromafix 30-PS-HCO 3 resin and then eluted using standard K 2 CO 3 /Kryptofix 222 in an acetonitrile/water solution. Solvents were removed during the two-step evaporation processes that rendered the dried 18 F. The precursor, ethyl (p-tosyloxy) acetate (ETA), was purchased from ABX (Radeberg, Germany), dissolved in 0.3 mL acetonitrile and added to the dry 18 F mixture. The reaction mixture was heated to 80°C and purged with a stream of nitrogen gas. The 18 F-EFACE and acetonitrile solvent were evaporated from the reaction mixture under the stated conditions and were trapped by a second vessel which contained 0.3 mL of 0.1 M sodium hydroxide maintained at 15°C. Evaporation of acetonitrile and simultaneous hydrolysis of 18 F-EFACE were completed within 5 min. The crude 18 F-FACE product was then passed through a preconditioned ion exchange resin AG1-X8 (BioRad, Hercules, CA, USA). The resin with the trapped product was rinsed three times with sterile water for injection that was sent to waste. Saline solution for injection (0.9% sodium chloride USP) was then used to elute 18 F-FACE. Hydrochloric acid (0.01 N) was added to bring the final pH of the product into the range of pH 6-8. The final product was analyzed using an HPLC model 1,100 (Agilent, Santa Clara, CA, USA) coupled to a UV-visible spectrum detector and a radioactivity detector Flowcount (Bioscan Inc., Washington, DC, USA), with a Supelcogel C-610H column (30 cm long; 7.8 mm internal diameter; Sigma-Aldrich, St. Louis, MO, USA) using 20 mM phosphoric acid aqueous solution as a mobile phase at a flow rate of 0.5 mL/min.
The final product was passed through a 0.22-μm sterile filter (Millipore) into a 30-mL sterile vial. A bubble point procedure was performed on the final filter to test filter integrity. Sterility was verified post hoc by incubation in soybean-casein digest medium for 14 days at 20-25°C. Pyrogenicity was determined by a Limulus amoebocyte lysate test using Endosafe®-PTS system (Charles River, Wilmington, MA, USA). 
Determination of Specific Activity

Experimental Animals
Six rhesus macaques (three female and three male animals) were included in this study ( Table 1 ). The animals were housed separately in a facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International, at The University of Texas MD Anderson Cancer Center. All experiments were performed following MD Anderson guidelines for conducting experiments in non-human primates under an Institutional Animal Care and Use Committee approved research protocol. Prior to imaging, the animals were fasted overnight but had free access to water. To facilitate the intubation of the trachea, the animals were pre-medicated with atropine sulfate 0.04 mg/kg intramuscularly (i.m.) and anesthetized with 2.2-4.4 mg/kg telazole i.m., or 10-25 mg/kg ketamine i.m., followed by inhalation anesthesia with isoflurane 1.0-3.0% in oxygen and maintained by mechanical ventilation using an Ohmeda Excel 210 SE (Soma Technology, Bloomfield, CT, USA). After intubation and stabilization of vital signs under anesthesia, the animals were cannulated in both saphenous veins: One cannula was used for injection of 18 F-FACE, and the other was used for repetitive blood sampling during imaging. Also, the urinary bladder was catheterized for collection of radioactive urine during PET/CT imaging. Body temperature was maintained at 37±0.8°C using an air-circulating heating device Model 505 (Arizant Healthcare, Praire, MN, USA). The electrocardiogram (ECG), blood pressure, pulse oxymetry, and respiration rates were monitored using a Solar 8000 system (Marquette Medical Systems, Milwaukee, WI, USA) throughout the imaging study.
PET Imaging Protocol
PET images were acquired using an ECAT HR+ (Siemens Molecular Imaging, Knoxville, TN, USA). After a 10-min transmission scan, 165.4±28.5 MBq (21.8±5.9 MBq/kg) of 18 F-FACE in a volume of 5 mL was administered intravenously over 2 min by a digital syringe pump (Harvard Apparatus, Holliston, MA, USA).
After injection of the radiotracer, a total of 29 frames were acquired in the first 30 min with 2D mode acquisition (20 frames for 15 s each, 5 frames for 1 min each, and 4 frames for 5 min each) in the area from the lower thorax to the upper abdomen. This enabled the acquisition of time-activity curves for the lungs, heart, aorta (blood), liver, mediastinal structure, stomach, and upper tips of the kidneys during the first half-hour following administration. Thereafter, three consecutive whole-body static scans were performed with the following protocol: Transmission and emission scans were 3 and 5 min, respectively, for four to five bed positions with acquisition in a 2D mode. PET images were reconstructed using standard vendor-provided reconstruction algorithms, which incorporated ordered-subset expectation maximization and corrected for attenuation; the emission data were corrected for scatter, random events, and dead-time losses using the manufacturer's software program. To ensure that the injected dosage was accurate in terms of measured activity using PET, a CRC-15R dose calibrator (Capintec, Pittsburgh, PA, USA) was cross-calibrated with the PET instrument.
CT Study
A CT examination was performed using either a HiSpeed Advantage or a Light Speed 4-Slice helical CT scanner (GE Healthcare, Milwaukee, WI, USA) on the same day that the PET study was performed. The axial images were converted to Digital Imaging and Communications in Medicine Digital Imaging and Communications in Medicine (DICOM) image files for registration with the PET images.
Image Analysis
Regional dynamic and whole-body reconstructed PET and CT data were stored in the DICOM file format. Three-dimensional volumes of interest (VOIs) of individual source organs were constructed on the PET images to include all organ activity. These VOIs were used for PET image analysis. The following source organs were analyzed: the heart, liver, gallbladder, kidneys, urinary bladder, intestines, and whole body. Three-dimensional VOI definitions were used to visually inspect for movement artifacts between 
Time-Integrated Activity Coefficient and Absorbed Radiation Dose Calculations
Individual organ time-activity curves were estimated by fitting volume of interest data from the whole-body scans to a monoexponential function using the Sigma Plot software program (version 11; Systat Software, Chicago, IL, USA) for five of the six animals. Only two whole-body scans were acquired for the sixth animal and so the rate of clearance was estimated by a linear fit to the logarithms of the two measured points. The whole-body timeactivity curves were constructed by taking the activity in the entire animal (including the urinary bladder) in the first whole-body scan and decay-correcting it to the time of administration. This was assumed to represent the entirety of the administered activity. The second time point was constructed by taking the activity in the entire animal less that of the bladder at the time of the first wholebody scan. The remaining two time points, or in one case one time point, were constructed from the corresponding whole-body activity measurements less those of the urinary bladder. The timeintegrated activity coefficient (formerly called the residence time [31] ) was calculated by dividing the fractional uptake parameter of the exponential fit to the original data (not corrected for decay) by the decay constant of the fit. The time-integrated activity coefficients were "humanized" using the mass of each of the identified source organs estimated from CT scans of the non-human primates and the masses of those organs tabulated by the OLINDA/EXM 1.1 (Vanderbilt University, Nashville, TN, USA) software for its 73.7-kg adult male model. The non-human primate and human organ masses were normalized by the respective whole-body masses, and each time-integrated activity coefficient was scaled by the ratio of the human to nonhuman normalized organ masses [32] . The human dosimetry of 18 F-FACE was then estimated using these humanized timeintegrated activity coefficients and the adult male model in the OLINDA/EXM 1.1 software program.
Blood Sampling and Analyses
Immediately before 18 F-FACE injection in each animal, a 0.5-mL blood sample was drawn to measure the hematocrit and blood gases with an i-STAT portable analyzer (Abbott Point of Care, Princeton, NJ, USA).
18 F-FACE was injected only if the hematological and blood chemical parameters in the blood sample were all within the normal ranges. Subsequently, 0.5-mL venous blood samples were obtained via the catheterized vein at 10, 20, 40, 60, and 90 s and 2, 3, 5, 8, 16, 32, 60, 90, 120 , and 180 min after 18 F-FACE injection. At the end of each PET/CT imaging session, an additional blood sample (0.5 mL) was obtained and analyzed using the i-STAT portable analyzer to determine potential acute toxic side effects from the diagnostic dosage of 18 F-FACE. The total radioactivity in the blood and plasma compartments was assayed for radioactivity concentration using a gamma counter (Cobra Quantum, Perkin-Elmer, Waltham, MA, USA). A portion of each plasma sample was ultrafiltered with a Biomax filter (Millipore, Billerica, MA, USA) before it was analyzed by HPLC. The chromatographic conditions were the same as described in the section on the HPLC analytical method. The elution times of 18 F-FACE and major potential radiolabeled metabolites in blood plasma (  18 F-fluorocitrate and   18 F-fluoride) were determined using authentic cold standards under the same chromatographic conditions. Fractions of 18 F-FACE and 18 F-labeled metabolites were calculated for each sample based on the area under each peak. The total radioactivity in the plasma was expressed as %ID/mL and plotted against time post-injection of 18 F-FACE. Also, the %ID/mL of intact 18 F-FACE and 18 F-metabolites were calculated, based on the results of the radio-HPLC analyses and were plotted against time post-injection of 18 F-FACE to generate the corresponding time-activity curves.
Urine Analysis
Each animal's urinary bladder was catheterized with a Foley catheter. The line was clamped until after the second whole-body image had been acquired. In five of the six animals, the line was then unclamped. At 120-150 min after administration of 18 F-FACE, the urine was collected (mean volume of 38±21 mL). The total radioactivity of each sample was measured using a gamma counter. Samples were subjected to the same radio-HPLC analysis as described above for analysis of blood samples.
Results
F-FACE Synthesis
Using an automated synthesizer, we have obtained greater than 97% pure 18 F-FACE at a radioactivity yield greater than 50%. Analysis of the final product using HPLC showed a major peak eluting at the same retention time, 14.7 min, as the sodium fluoroacetate standard. A trace amount of 18 Ffluoride (G0.5%) eluting at 13.7 min in the product is also detected (Fig. 2) . The product maintained its radiochemical purity for more than 8 h after the completion of the synthesis. Based on ion chromatography and radioactivity measurements, the specific activity of the synthesized 18 some low level deposition of radioactivity in the skeletal structures, predominantly in the shoulder and hip joints, indicating a gradual defluorination occurring over 2 to 3 h post-injection of the radiotracer. Consistent with this observation, an increased level of free 18 F-fluoride was detected in blood and urine samples collected at 2 to 3 h after the radiotracer administration.
The time-dependent dynamics of 18 F-FACE-derived radioactivity concentration in different organs and tissues were determined from PET images (Fig. 4a) . Within 5 min, the level of radioactivity in the blood reached 0.040±0.02% ID/g and then cleared bi-exponentially with the fast phase between 3 and 18 min (half-life of 4 min) and then a slow phase until 180 min (half-life of 250 min). The fraction of 18 F-fluoride in the blood gradually increased over time, but it was still less than 9% of the whole blood radioactivity at 180 min after 18 F-FACE administration (Fig. 4b) . The partition of radioactivity in the blood, 70% in the plasma and 30% in the red blood cells, was stable throughout the study (Fig. 5 ). Rapid accumulation of the radioactivity into the liver and kidney was observed, reaching concentrations of 0.040% ID/g (organ tissue) and 0.047% ID/g, respectively, at 5 min. There was a relatively low level of uptake in lung and muscle and other organs throughout the 180 min of the study; 27.6% of the total radioactivity in urine was determined to be 18 18 F-FACE demonstrated any significant changes in cardiac rhythm or electrical activity patterns from the time of administration to 180 min post-injection. Hematologic parameters before and after the PET study with 18 F-FACE are summarized in Table 3 . There were no statistically significant changes in blood chemistry, liver enzymes, or renal function before, after 3 h, and over a period of 1-3 months after the tracer administration, demonstrating the absence of any acute or chronic toxicity attributable to 18 F-FACE.
Radiation Dosimetry
To assess human radiation exposure due to diagnostic dosages of 18 F-FACE, the radiation absorbed doses to organs were estimated using organ time-integrated activity coefficients from each individual animal that were "humanized" (Table 4 ). These doses are expressed in millisieverts per megabecquerel (Table 5 ) because the radiation-weighting factor of the ionizing radiation arising from F-18 is included in the organ dose calculations that were performed using the OLINDA/EXM 1.1 software. The effective dose for the adult male dosimetric model was estimated to be 0.0211 mSv/MBq. The higher absorbed doses were estimated for the liver (0.0307 mSv/MBq), the gallbladder wall (0.0288 mSv/MBq), the intestines (0.0366-0.0745 mSv/ MBq), and the kidneys (0.0342 mSv/MBq), while much lower radiation absorbed doses were estimated for the brain (0.00762 mSv/MBq), breast (0.00774 mSv/MBq), thyroid (0.00888 mSv/MBq), and red bone marrow (0.0102 mSv/ MBq).
Discussion
This study was conducted to facilitate the clinical phase I study with 18 F-FACE, as an alternative to 11 C-ACE for imaging 18 F-FDG-nonavid tumors. Previously, 11 C-ACE PET was reported to be up to 100% effective for detection of primary tumors in patients with untreated prostate cancer, in contrast to other conventional imaging methods such as 18 F-FDG PET, and to have a 59% sensitivity for detection of recurrent prostate cancer in patients with prostate-specific antigen relapse [19, 20, 33] . The use of 18 F-FACE PET/CT has been reported in only one prostate cancer patient [25] . In the latter study, a dosage of 280 MBq 18 F-FACE was injected intravenously, and PET imaging was started 70 min after dosing. In that study, 18 F-FACE PET/CT images demonstrated moderate to intense uptake in several, but not all, of the metastatic lesions.
In this current study, the pattern of biodistribution and clearance of 18 F-FACE in rhesus macaques was similar to that reported before in a baboon [26] and in cynomologous monkeys [27] . The present work reports for the first time radiation dosimetry estimates made in non-human primates and scaled to human patients. Based on the results of the current studies in rhesus macaques, the estimated effective dose to human patients after administration of 185-370 MBq of 18 F-FACE is 3.90-7.81 mSv. This is consistent with the previously reported range of 5.7-7.0 mSv for 300-370 MBq [34] 18 F-FACE were the intestines (0.0366-0.0745 mSv/MBq), which is due to combined radiation exposure from the surrounding organs such as the liver, kidney, and urinary bladder. For comparison, the reported radiation absorbed doses after administration of 11 C-ACE in humans were the highest in the pancreas (0.017 mGy/MBq), intestines (0.01-0.011 mGy/MBq), and kidneys (0.0093 mGy/MBq), followed by the liver and the urinary bladder with 0.006 and 0.0028 mGy/MBq, respectively. The effective dose was estimated to be 0.0049 mSv/MBq [36] . In contrast to the well-established hepatobiliary clearance of 11 C-ACE from the circulation, 18 F-FACE cleared predominantly through the kidneys into the urinary bladder, which corroborates previous reports [26, 27] . These results suggest that the diagnostic dosage of 370 MBq of 18 F-FACE should be acceptable for administration in human patients and that its effects are well below the limit of 50 mSv per organ per year, which is set forth in the FDA regulations (21 CFR 361.1) [32, 37, 38] .
This study demonstrated that the uptake of 18 F-FACEderived radioactivity in skeletal structures in monkeys was Table 2 .
limited and that defluorination (measured in blood samples) was no more than 9% of the total at the end of the 3-h study and 18 F-fluorocitrate anabolite was not detectable. Our results are in agreement with those reported previously in non-human primates, where only a minimal level of bone uptake of 18 F-FACE-derived radioactivity was observed [26, 27] . In contrast, defluorination of 18 F-FACE in rodents has been significant [39] , and large amounts of 18 F-fluoride liberated from 18 F-FACE accumulate in rodent skeletal structures [26] . The high expression of glutathione S-transferase in rats and mice is responsible for the observed defluorination of fluoroacetate [40] , which makes it a suboptimal radiotracer for PET imaging studies in rodents. Nevertheless, recent studies by Marik et al. [41] demonstrated the potential utility of 18 F-FACE for imaging of glial activation in a murine model of intracerebral glioma, stroke, and cerebral ischemia-hypoxia. In contrast, Lindhe et al. [27] drew the paradoxical conclusion that 18 F-FACE could not be regarded as a functional analog of 11 C-ACE and that it is of little use for studies of organ blood flow, intermediary metabolism, or lipid synthesis. Therefore, the mechanism of 18 F-FACE uptake and accumulation in tumor cells requires additional discussion.
The biochemical perspectives of PET imaging with 11 C-ACE have been discussed recently in the literature [24] . The mechanism of 18 F-FACE uptake and accumulation in cells is similar to that of 11 C-ACE. Fluoroacetate is transported through cell membranes by a monocarboxylate transporter or by diffusion and is subsequently converted to fluoroacetylCoA by the enzyme acetyl-CoA synthases 1 and 2 (ACS1, ACS2) [42, 43] . At least three main metabolic pathways can utilize the 18 F-fluoroacetyl-CoA. One is the TCA cycle [44, 45] . However, unlike acetate, fluoroacetate stops the TCA cycle from its completion after the formation of fluorocitrate. Fluorocitrate acts as an irreversible inhibitor of aconitase [46] , which is the catalytic enzyme for the conversion of citrate to cis-citrate, a necessary intermediate for the successful completion of the TCA cycle. Hence, 18 F-fluorocitrate is accumulated in cells until it degrades radiochemically. While citrate can be utilized by the ATP citrate lyase, which is one of the key lipogeneic enzymes that is over-expressed in many cancer cells [47] , fluorocitrate cannot be utilized by ATP citrate lyase because it is irreversibly bound to aconitase. Another metabolic pathway of acetyl-CoA utilization is fatty acid synthesis catalyzed by the enzyme FAS, which is upregulated in many types of cancer cells [47] . However, fluoroacetyl-CoA is not an efficient substrate for FAS, and therefore, the fluoroacetyl moiety is not incorporated into the de novo synthesized fatty acids. Nevertheless, the expression and activity of acetyl-coA synthase is proportionally upregulated in tumor cells either with high glycolytic activity (TCA cycle) or high FAS activity, such as in prostate carcinoma cells, which mediates formation and accumulation of 18 F-fluoroacetyl-CoA and may explain increased uptake and accumulation of 18 F-FACE. The third metabolic pathway that may utilize acetyl-coA is ketone body synthesis through formation of acetoacetate mediated by the cooperative action of acetyl-CoA transferase and acetoacetyl-CoA thiolase followed by succinyl [48, 49] . Therefore, it is conceivable that fluoroacetate in tracer dosages may be converted in part to fluoroacetoacetate, which would reflect de novo ketone synthetic activity in cancer cells, which utilize ketone bodies for energy production. Thus, there is plenty of evidence that 18 F-FACE can be used for metabolic studies and imaging tumors with upregulated glycolysis, fatty acid synthesis, and ketone metabolism.
Although 18 F-FACE may be a promising PET radiotracer, there have been concerns raised about potential toxicity of this compound in tracer dosages, which may have hindered its clinical translation. The data obtained from our studies and those of the others put these concerns in perspective. Fluoroacetate is a naturally occurring substance that can be found in the leaves of Dichapetalum cymosum, a poisonous South African plant, and in 40 other plant species including tea leaves. For the past half-century, chemically synthesized sodium fluoroacetate has been used as a vertebrate poison to help control opossum overpopulation in New Zealand. In the USA, sodium fluoroacetate is used in collars worn by livestock to protect them from aggressive predators. The pharmacology and toxicology of sodium fluoroacetate have been studied extensively in many animal species including rodents, dogs [50, 51] , various livestock, and monkeys and have been recently reviewed [52] . The LD 50 for dog is 60 μg/kg if administered intravenously and 66 μg/kg if administered orally. The LD 50 for monkey is 5 and 300 mg/kg through intravenous injection and oral consumption, respectively. The estimated lethal dose for human is approximately 2-10 mg/kg [53] [54] [55] . Tea leaves are found to contain fluoroacetate at 0.19 μg/g of leaves [56] . If 3-6 g of EDE effective dose equivalent, ED effective dose, LLI lower large intestine, ULI upper large intestine, NA not applicable tea leaves is commonly used to make a cup of tea, they could release fluoroacetate in the range of 0.57 to 1.14 μg.
The anticipated initial dosage of 260 MBq of 18 F-FACE for PET imaging in a phase I study equates to a pharmacologic mass dose of 0.47 ng, determined based on our measurements of specific activity of 18 F-FACE (43 GBq/μM). For comparison, a cup of tea may contain approximately 1,000-2,500 times more fluoroacetate than that in one diagnostic administration of 18 F-FACE. It is well established that fluoroacetate toxicity is due to biosynthesis of fluorocitrate, which blocks the TCA cycle and causes cell death [57] . The fluorocitrate inhibition of aconitase and citrate transporters has been studied extensively [46, [58] [59] [60] [61] . Within 1 h, the level of citrate in many organs increases more than tenfold. Citrate buildup further inhibits glucose metabolism by inhibiting the enzyme phosphofructokinase, which causes toxicity. However, at tracer doses administered to humans (i.e., G1 ng total dose), 18 F-FACE cannot elicit any pharmacological or toxic effects. Furthermore, unlike "cold" (non-radiofluorinated) fluoroacetate, which contains a stable isotope of fluorine, in 18 F-FACE the 18 F radionuclide decays to 18 O, resulting in a molecule that is no longer fluoroacetate and which dissociates from aconitase and citrate transporters, thus restoring the normal activity of TCA cycle.
Finally, in the current study, no significant changes to the ECG were observed during imaging studies, which indicates that there was no acute myocardial toxicity from the injection of 18 F-FACE in rhesus macaques. Follow-up examinations immediately after PET imaging with 18 F-FACE as well as 1-3 month later revealed no significant changes in CBC, liver enzymes, or renal function when compared to data obtained prior to this radiotracer administration. Therefore, based on volumes of well-established toxicology of fluoroacetate in various species together with results of the current study in rhesus macaques, we are confident that it is pharmacologically safe to employ 18 F-FACE as a PET tracer for human use at the proposed diagnostic doses.
Conclusions
The pharmacokinetics, metabolism, biodistribution, radiation dosimetry characteristics, and lack of acute and delayed toxicity of 18 F-FACE determined in non-human primates indicate that diagnostic doses of this radiotracer are similar to those of other agents used for PET imaging in human patients. The highest radiation dose is delivered to the intestines. This dose estimation, as well as the radiation doses delivered to other radiosensitive organs, must be considered in evaluating the dosimetry of multiple administration of 18 F-FACE to human patients.
